ABSTRACT Phosphorene, a monolayer of black phosphorus, is promising for nanoelectronic applications not only because it is a natural p-type semiconductor but also it possesses a layernumber dependent direct bandgap (in the range of 0.3 eV~1.5 eV). On basis of the density functional theory calculations, we investigate electronic properties of the bilayer phosphorene with different stacking orders. We find that the direct bandgap of the bilayers can vary from 0.78 -1.04 eV with three different stacking orders. In addition, a vertical electric field can further reduce the bandgap down to 0.56 eV (at the field strength 0.5 V/Å). More importantly, we find that when a monolayer of MoS 2 is superimposed with the p-type AA-or AB-stacked bilayer phosphorene, the combined tri-layer can be an effective solar-cell material with type-II heterojunction alignment. The power conversion efficiency is predicted to be ~18% or 16% with AA-or AB-stacked bilayer phosphorene, higher than reported efficiencies of the state-of-the-art trilayer graphene/transition metal dichalcogenide solar cells.
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KEYWORDS bilayer phosphorene, solar cell donor material, MoS 2 heterostructure, bandgap engineering, first-principles calculations Two-dimensional (2D) materials such as monolayer graphene and monolayer transition metal dichalcogenide (TMDC) MoS 2 have attracted intensive research interests owing to their fascinating electronic, mechanical, optical or thermal properties, some of them not seen in their bulk counterparts, e.g., the massless Dirac-fermion behavior of the graphene. [1] [2] [3] However, the lack of a bandgap in graphene severely limits its applications in nanotransistors. [4] [5] [6] Monolayer MoS 2 does possess a direct bandgap of about 1.8 eV. 7 Indeed, the field effect transistor (FET) based on monolayer MoS 2 has demonstrated good device performance with a high on/off ratio of ~10 8 . 8, 9 Nevertheless, although the carrier mobility in monolayer MoS 2 was previously reported 8 to be approximately 200 cm 2 /V/s and may be further improved to 500 cm 2 /V/s, 9 a few recent experiments indicate that the mobility values might be overestimated due to the capacitive coupling between the gates, 10, 11 thereby limiting its wide application in electronics.
Very recently, a new 2D semiconducting material with a direct bandgap, namely, the few-layer black phosphorus (phosphorene), has been successfully isolated. [12] [13] [14] Moreover, the phosphorene based FET exhibits high mobility of 286 cm 2 /V/s and appreciably high on/off ratios, up to 10 4 .
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The mobility is thickness dependent and can be as high as ~1000 cm 2 /V/s at ~10 nm thickness. 12 Like graphite, black phosphorus, the bulk counterpart of phosphorene, is also a layered material with weak interlayer van der Waals (vdW) interaction. In the monolayer phosphorene, the phosphorus atom is bonded with three adjacent phosphorus atoms, forming a puckered honeycomb structure (see Figure 1) . One of novel properties of the phosphorene is the thicknessdependent bandgap. Previous first-principles calculations show that the bandgap ranges from ~1.5 eV for a monolayer to ~0.6 eV for a 5-layer. 15 Bulk black phosphorus however has a direct bandgap of 0.3 eV. [16] [17] [18] The bandgap of monolayer phosphorene is also predicted to be highly sensitive to either in-plane or out-of-plane strain. A ~3% in-plane strain can change phosphorene from a direct-gap to an indirect-gap semiconductor, 13 while a vertical compression can induce the semiconductor to metal transition. 19 Since the electronic properties of phosphorene are highly dependent on its thickness, it is of both fundamental and practical interests to attain a better understanding of the effect of interlayer interaction on the electronic properties. Bilayer phosphorene is the thinnest multilayer system that can provide fundamental information on the interlayer interaction and stacking-dependent electronic and optical properties, a feature akin to the bilayer graphene systems. Three possible stacking orders of bilayer phosphorene are considered, namely, AA-, AB-and AC-stacking. As shown in Figure 1 Table 1 where one can see that the lattice constants (a and b)
and bond lengths (R1, R2 and R2') differ slightly for different stacking order, and R2 is always larger than R2'. The most notable difference among the three stacking orders is the nearest distance between the top and bottom layer (d int ), which varies from 3.214 Å in the AB-stacking to 3.729 Å in the AC-stacking. Our total-energy calculations based on the HSE06 hybrid functional indicate that the AB-stacking is energetically the most favorable, which is 8 meV/atom and 7 meV/atom lower than that of AA-and AC-stacking, respectively. The integral in the numerator is the short circuit current in the limit of 100% EQE, and the integral in the denominator is the AM1.5 solar flux. As shown in Figure 4(d) , solar systems constructed with AA-/AB-stacked bilayer phosphorene and monolayer MoS 2 can acheive PCEs as high as ~18% / 16%. These values are comparable to that of the PCBM/CBN system (10-20%) 30 and the recent predicted g-SiC 2 based systems (12-20%). 33 Although the proposed application in solar-cell systems is only three-layer thin, thicker multilayers by stacking as the heterojunction could be a viable way to increase the interface area. 40 , the trilayer phosphorene and TMDC MoS 2 systems may be also fabricated in the near future. We expect the van der Waals trilayer phosphorene/TMDC system is a more efficient solar cell than the trilayer graphene/TMDC systems 34, 35 because the former can benefit from the absorption of wider range of wavelength in the solar spectrum, and the type-II heterojunction alignment can allow more efficient hole-electron separation.
Computational Methods
In the density functional theory (DFT) calculations, we adopt the generalized gradient approximation (GGA) for the exchange-correlation potential. The plane-wave cutoff energy for wave function is set to 500 eV. The ion-electron interaction is treated with the projected augmented wave (PAW) 36, 37 method as implemented in the Vienna ab-initio simulation package (VASP 5.3). 38, 39 For the geometry optimization, 8×10×4 and 8×10×1 Monkhorst-Pack k-meshes are adopted for the bulk phosphorus and bilayer phosphorene, respectively. A vacuum spacing of ~15 Å is used so that the interaction between adjacent bilayers can be neglected. During the geometric optimization, both lattice constants and atomic positions are relaxed until the residual force on atoms are less than 0.01 eV/Å and the total energy change is less than 1.0×10 -5 eV.
Previous theoretical calculations have shown that the vdW interaction must be accounted for to properly describe the geometrical properties of black phosphorus. 40 Also, previous theoretical calculations demonstrate that the geometrical and electronic properties of black phosphorus and few layer phosphorene is highly functional dependent. 15, 40 The combination of optB88-vdW 41, 42 for geometry optimization and HSE06 43 for band structure calculation based on the optB88-vdW structure have been proven reliable for few layer phosphorene systems. 15 Our benchmark calculation on bulk black phosphorus also confirms this combined DFT methods, which gives lattice constants of a=4.475 Å, b=3.337 Å and c=10.734 Å, in good agreement with both the experimental ones (a=4.376 Å, b=3.314 Å, and c=10.478 Å) 44 and previous calculations 15 . Our HSE06 band structure calculation of black phosphorus also gives a direct bandgap of 0.36 eV (see Supporting Information Figure S1 ), in excellent agreement with the experimental bandgap of 0.3 eV. 16 In VASP, the vertical electric field is treated by adding an artificial dipole sheet in the unit cell. 45 Since the applied vertical electric field can affect the interlayer interaction within the bilayer phosphorene, the electronic structures of the systems are computed based on the fully relaxed geometry of the bilayer phosphorene under the vertical electric field.
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